A novel Marinomonas-like, aerobic, Gram-reaction-negative, moderately halophilic, acidophilic, motile by a single polar flagellum, non-spore-forming, rod-shaped bacterium that showed algalytic activity, designated strain Yeongu 1-4 T , was isolated from surface seawater of Geoje Island in the South Sea, Republic of Korea. The strain was oxidase-negative and weakly positive for catalase. Growth of this bacterium was observed at temperatures from 4 to 42 C, at salinities from 0 to 12 % and at pH from 4.5 to 9.0, and it was not able to degrade starch, gelatin, casein or Tween 80. Phylogenetic analysis based on 16S rRNA gene sequences showed that strain Yeongu 1-4 T was related most closely to Marinomonas spartinae SMJ19 T with similarity of 99.3 %. However, levels of DNA-DNA relatedness between strain Yeongu 1-4 T and the most closely related species were lower than 70 %, confirming that they represent distinct genomic species. The genomic DNA G+C content of strain Yeongu 1-4 T was 44.2 mol%. The organism used Q-8 as the predominant respiratory quinone, and C 16 : 1 !7c, In coastal seawater, red tides are natural phenomena caused by an imbalance of phytoplankton levels or high concentrations of algal biomass [1] . Many bacteria isolated from marine coastal waters are known as potential killers of red tides organisms and might play an important role in decreasing algal blooms [2, 3] . We have studied algicidal bacteria associated with harmful algal blooms in the coastal region of Geoje Island, South Korea, and the present study describes a novel algicidal bacterium belonging to the genus Marinomonas. In the course of an investigation of algicidal bacteria, an acidophilic, moderately halophilic bacterium, designated Yeongu 1-4 T , showed algicidal activity against the five harmful algal strains tested, namely Heterosigma akashiwo KMMCC 1132, Scrippsiella trochoidea KMMCC 593, Heterocapsa triquetra KMMCC 560, Prorocentrum minimum KMMCC 571 and Skeletonema costatum KMMCC 849 [4] . The present study was designed to determine the exact taxonomic position of this Marinomonaslike bacterium using a polyphasic taxonomic approach. M. atlantica [15]. Members of the genus Marinomonas are Gram-negative, rod-shaped, motile and aerobic, have DNA G+C contents in the range 41-50 mol%, lack amylase, gelatinase and lipase activities, and have the ability to metabolize m-hydroxybenzoate, phydroxybenzoate, quinate, acetate, glycerol and lactate [16] [17] [18] . Various species of the genus Marinomonas have been found distributed in diverse marine environments and recently one bacterial strain designated M. mangrovi B20-1 T was isolated from the rhizosphere soil of mangrove forest in Hainan Province, China [12] . On the basis of phenotypic and phylogenetic characteristics, a novel strain, Yeongu 1-4 T , isolated from seawater was considered to represent a novel species of the genus Marinomonas.
In coastal seawater, red tides are natural phenomena caused by an imbalance of phytoplankton levels or high concentrations of algal biomass [1] . Many bacteria isolated from marine coastal waters are known as potential killers of red tides organisms and might play an important role in decreasing algal blooms [2, 3] . We have studied algicidal bacteria associated with harmful algal blooms in the coastal region of Geoje Island, South Korea, and the present study describes a novel algicidal bacterium belonging to the genus Marinomonas. In the course of an investigation of algicidal bacteria, an acidophilic, moderately halophilic bacterium, designated T , showed algicidal activity against the five harmful algal strains tested, namely Heterosigma akashiwo KMMCC 1132, Scrippsiella trochoidea KMMCC 593, Heterocapsa triquetra KMMCC 560, Prorocentrum minimum KMMCC 571 and Skeletonema costatum KMMCC 849 [4] . The present study was designed to determine the exact taxonomic position of this Marinomonaslike bacterium using a polyphasic taxonomic approach.
The genus Marinomonas, belonging to the family Oceanospirillaceae in the Gammaproteobacteria, was established by Van Landschoot and De Ley to accommodate the reclassification of two Alteromonas species, namely Alteromonas vaga and Alteromonas communis, as Marinomonas vaga and Marinomonas communis, respectively [5, 6] . At the time of writing, the genus includes 29 recognized species, 14 of which have been described in the last 5 years, namely Marinomonas brasilensis [7] , M. alcarazii, M. rhizomae, M. foliarum, M. posidonica and M. aquiplantarum [8] , M. hwangdonensis [9] , M. profundimaris [10] , M. fungiae [11] , M. mangrovi [12] , M. spartinae [13] , M. blandensis [14] , M. gallaica and M. atlantica [15] . Members of the genus Marinomonas are Gram-negative, rod-shaped, motile and aerobic, have DNA G+C contents in the range 41-50 mol%, lack amylase, gelatinase and lipase activities, and have the ability to metabolize m-hydroxybenzoate, phydroxybenzoate, quinate, acetate, glycerol and lactate [16] [17] [18] . Various species of the genus Marinomonas have been found distributed in diverse marine environments and recently one bacterial strain designated M. mangrovi B20-1 T was isolated from the rhizosphere soil of mangrove forest in Hainan Province, China [12] . On the basis of phenotypic and phylogenetic characteristics, a novel strain, Yeongu 1-4 T , isolated from seawater was considered to represent a novel species of the genus Marinomonas.
A seawater sample was collected from a depth of 1 m using a Van Dorn sampler in the South Sea (34 77¢ 86.20 T was obtained and then purified on DZ agar. The strain was routinely cultured on marine agar 2216 (MA; Difco) and cryopreserved at À70 C in marine broth 2216 (MB; Difco) containing 20 % (v/v) glycerol. Growth was investigated on various media, i.e. R2A agar (MB Cell), nutrient agar (NA; Oxoid), Luria-Bertani (LB; Oxoid) agar, tryptic soy agar (TSA; Oxoid) and brain heart infusion (BHI; Difco) agar. Growth was observed on NA, LB agar, TSA and BHI agar but not on R2A agar.
Genomic DNA was extracted from strain T via the CTAB method [20] . The 16S rRNA gene was amplified by PCR using primers 27F (5¢-AGAGTTTGATCMTGGC TCAG-3¢) and 1492R (5¢-TACGGYTACCTTGTTACGAC TT-3¢) [21] . The purified PCR products were directly sequenced with ABI BigDye 3.1 sequencing kits (Applied BioSystems) and an Applied BioSystems 3730XL automated DNA sequencer at Macrogen. A nearly full-length 16S rRNA gene sequence of strain Yeongu 1-4 T (GenBank accession no. KR003453), comprising 1473 nt, was deposited in the GenBank database using sequin and its closest relatives were identified using the EzTaxon-e server database (http://ezbiocloud.net/) [22] . This analysis indicated that strain T belonged to the genus Marinomonas and the highest sequence similarity was found with Marinomonas spartinae SMJ19 T (99.3 %) [13] , followed by Marinomonas alcarazii IVIA-Po-14b T (96.2 %) [8] , Marinomonas pontica T (95.9 %) [23] , Marinomonas profundimaris D104 T (95.8 %) [10] , Marinomonas arctica 328 T (95.8 %) [24] , Marinomonas brasilensis R-40503 T (95.6 %) [7] and 23 other species of the genus Marinomonas (94.2-95.5 %). The type strains of the above six recognized Marinomonas species were used as reference strains in this study and purchased from the Japan Collection of Microorganisms (JCM), the LMG Culture Collection (LMG), the Korean Collection for Type Cultures (KCTC), the Marine Culture Collection of China (MCCC) and the National Collection of Industrial and Marine Bacteria (NCIMB). All reference strains were stored at À70 C in MB containing 20 % (v/v) glycerol for maintenance until needed. Phylogenetic analysis was performed using the neighbour-joining [25] and maximum-likelihood [26] algorithms via the program MEGA version 6 [27] after multiple alignment of the sequence data by the CLUSTAL X program [28] . The aligned sequences were then manually edited for gaps with the BioEdit sequence alignment editor application [29] and adjusted before reconstruction of phylogenetic trees. The trees were drawn using the neighbour-joining (Fig. 1) and maximum-likelihood (Fig. S1 , available in the online Supplementary Material) methods. Distance matrices using Kimura's two-parameter model [30] were calculated and evaluated by using bootstrap analysis based on 1000 replications [31] . All phylogenetic trees generated in this study showed that strain Yeongu [1] [2] [3] [4] T was associated with the clade formed by members of the genus Marinomonas.
To examine DNA G+C contents of the total DNA, genomic DNA of strain Yeongu 1-4
T was extracted and purified following the method of Doyle and Doyle [20] . The purity of the genomic DNA was checked by electrophoresis and measuring absorbance ratios of A 280 /A 260 and A 230 /A 260 . Determination of G+C content was carried out in triplicate as described by Tamaoka and Komagata [32] and Mesbah et al. [33] . The various nucleotide peaks were detected by HPLC analysis and the G+C content was calculated. The G+C content of the genomic DNA of strain Yeongu 1-4 T was 44.2 mol%, which was within the range previously found for recognized species in the genus Marinomonas [16] . To determine genomic relatedness, DNA-DNA hybridization experiments were performed between strain Yeongu 1-4 T and M. spartinae KCTC 42958
T following the method of Ezaki et al. [34] . The estimated values of DNA-DNA relatedness (expressed as a percentage) were measured fluorometrically in microdilution wells by using a 1420 Multilabel Counter (Perkin Elmer). Hybridization was performed with three replications for each sample and the DNA-DNA relatedness value was 40.0±1.7 % (42.3±4.5, reciprocally). 16S rRNA gene sequence similarity between strain Yeongu 1-4 T and M. spartinae SMJ19 T was 99.3 %. However, the DNA-DNA relatedness level observed between strain Yeongu 1-4 T and M. spartinae KCTC 42958
T was much lower than the recommended threshold of 70 % [35] . These results indicated that the two strains belong to two different species and that strain Yeongu 1-4
T represents a novel species within the genus Marinomonas.
The morphological characteristics of cells of strain Yeongu 1-4 T were studied under a light microscope (Olympus BX50; Â1000 magnification), scanning electron microscope (S-4800; Hitachi) and transmission electron microscope (H-7650; Hitachi) using cells grown in the mid-exponential phase at 30 C on MA (Fig. S2 ). Colony morphology was assessed after 24 h of incubation on MA at 30 C. Cells were tested for their Gram reaction, spore formation and flagellation as described by Beveridge et al. [36] . Motility was tested using MA containing 0.4 % agar. Cells of strain Yeongu 1-4
T were Gram-reaction-negative, rod-shaped, non-sporeforming and motile by a single polar flagellum. Both light and electron microscopy showed that cells of strain Yeongu 1-4
T were morphologically similar to other members of the genus Marinomonas. Colonies were round, smooth, dull white and 1 mm in diameter after 1 day of incubation on solid media.
Anaerobic growth was assessed in a GasPak Anaerobic system (Becton Dickinson) by growing the novel strain on MA at 30 C for 7 days. The oxidase test was used to test for cytochrome oxidase activity by using 1 % (w/v) solution of tetramethyl-p-phenylenediamine dihydrochloride (SigmaAldrich) [37] and catalase activity was determined by observation of bubble production after adding fresh cells to a drop of 3 % (v/v) hydrogen peroxide solution on a slide. Cells of the novel isolate were strictly aerobic, negative for oxidase and weakly positive for catalase. To determine the optimal temperature and pH for growth, the isolate was incubated at temperatures ranging from 0 to 45 C at intervals of 5 C on MA plates and at pH 3.0-10.0 adjusted with HCl or NaOH (1 mol l À1 ) at intervals of 1.0 pH unit in MB for 7 days. To determine the optimal NaCl concentration for growth, salt tolerance tests were investigated in tryptone soya broth lacking NaCl (TSB; Oxoid) with NaCl concentrations of 0-15 % (w/v) at 1 % unit intervals. The novel isolate grew with up to 12 % (w/v) NaCl (optimum 1 %, w/v) and at 4-42 C (optimum 30 C). Strain Yeongu-1-4 T was acidophilic (optimum growth was close to pH 5.5-6.0). All experiments were performed and studied in triplicate at each temperature, pH and salinity. Physiological and biochemical tests were carried out according to standard protocols as previously described [38] . Indole and H 2 S production, methyl red test, Voges-Proskauer reaction, liquefaction of gelatin, nitrate reduction, and hydrolysis of casein, starch, aesculin, urea and Tween 80 were assayed as described previously [38, 39] 
T and the reference strains were performed using the commercially available API 20E, API 20NE and API ZYM kits (bioM erieux) following the manufacturer's instructions. DNase activity (hydrolysis of DNA) was assessed on DNase test agar (Oxoid) by flooding the test plates with 1 M hydrochloric acid. A positive result of DNase testing on DNase test agar is indicated by the appearance of clear zones around colonies. Antibiotic susceptibility tests were carried out using the disc diffusion assay (Kirby-Bauer method) according to Ruddell T are listed in Table 1 or in the species description.
For cellular fatty acid analysis, whole cells of strain Yeongu 1-4 T were harvested on MA at 25 C for 24 h. Fatty acid methyl esters were saponified, methylated and extracted according to the standard procedure described by MIDI (Sherlock Microbial Identification System, version 6.2B). Fatty acids were analysed by GC (HP 6890 series GC system; Hewlett Packard) and then identified with the TSBA6 database of the Microbial Identification System [41] . Further identification of summed feature 3 fatty acids with the location of single double bonds was conducted by GC-MS (GC: Agilent 6890 N; MS: Jeol, JMS-700, ionization mode: EI), which is a single-step derivatization procedure of fatty acid methyl ester extracts with dimethyl disulfide [42] . Strain Yeongu 1-4 T has a cellular fatty acid profile that contained large amounts of unsaturated and straight-chain T and other Marinomonas species are presented in Table 2 .
For the analysis of quinones, cells of strain Yeongu 1-4 T were harvested in MB at 30 C to mid-exponential phase and lyophilized. The respiratory quinone was extracted from freeze-dried cells according to the method described by Minnikin et al. [48] . The isoprenoid quinone was extracted, purified and analysed by HPLC, using M. spartinae KCTC 42958
T as a reference. Quinone analysis was carried out after extraction with methanol/water (0.3 % aqueous NaCl) and petroleum ether at 70 C as described previously [48] and analysed by using HPLC [49] . The predominant ubiquinone was Q-8, which is in accordance with other members of the genus Marinomonas [10, 44] .
Strain Yeongu 1-4
T could be distinguished from its closest related species in the genus Marinomonas by several phenotypic properties (Table 1) . It was able to grow at pH 4.5 (the optimum pH was close to 5.5-6.0) and at 42 C as a maximum. Some phenotypic features of strain T and other related species in the genus Marinomonas were similar. Strain Yeongu 1-4
T was found to be clearly different from its closest phylogenetic relative, M. spartinae KCTC 42958 T , by some phenotypic characteristics including activity of cytochrome oxidase, maximum growth temperature (42 vs 37 C), requirement of NaCl, pH for growth, a-galactosidase activity, fermentation or oxidation tests (D-glucose, melibiose and sucrose), and hydrolysis of gelatin and casein. The maximum growth temperature, pH range for growth, reduction of nitrate, enzyme activities, fermentation or assimilation tests, hydrolysis of Tween 80 and urea discriminated the novel strain from its closest related species (Table 1) . Strain Yeongu 1-4 T could also be differentiated from its related species on the basis of fatty acid characteristics. The absence of fatty acids C 12 : 1 3-OH and summed feature 7 (C 19 : 0 cyclo !10c and/or C 19 !6) was considered as a chemotaxonomic marker as these components were detected in other members of the genus Marinomonas (Table 2 ). Strain T demonstrated effective algalytic activities against red tide species Hs. akashiwo, Sk. costatum, P. minimum, Hc. triquetra and Sc. trochoidea under the conditions studied [4] . These data suggest application of the novel strain as a potential algicidal bacterium in controlling red tide events in the ocean.
In summary, the phylogenetic data and phenotypic and chemotaxonomic characteristics indicate that strain Yeongu 1-4 T belongs to the genus Marinomonas. Therefore, strain Yeongu 1-4
T represents a novel species in the genus Marinomonas, for which the name Marinomonas algicida sp. nov. is proposed.
DESCRIPTION OF MARINOMONAS ALGICIDA SP. NOV.
Marinomonas algicida (al.gi.ci¢da. L. fem. n. alga -ae alga; L. suff. -cida from L. v. caedere to kill; N.L. fem. n. algicida alga-killer). T . Data are from this study except where indicated. +, Positive reaction; -, negative reaction. All species are Gram-negative, rod-shaped and positive for: aesculin hydrolysis; alkaline phosphatase, leucine arylamidase, acid phosphatase, a-glucosidase and tryptophane deaminase activities; and utilization of D-glucose and malate. All strains are negative for: indole and H 2 S production; trypsin, N-acetyl-b-glucosaminidase, a-mannosidase and a-fucosidase activities; and assimilation of adipic acid and capric acid. Hydrolysis of: Cells are Gram-reaction-negative, straight rod-shaped, non-spore-forming and motile by a single polar flagellum. Growth occurs only under aerobic conditions. Colonies on MA are smooth, circular, dull white, non-pigmented and 1 mm in diameter after incubation for 24 h at 30 C. No growth occurs on R2A agar. Growth occurs at 4-42 C (optimum 30 C), at pH 4.5-9.0 (optimal growth at pH 5.5-6.0) and in the presence of 1-12 % (w/v) NaCl (optimum 1 % NaCl). Oxidase-negative and weakly positive for catalase. Positive reactions for the methyl red test, VogesProskauer reaction, b-glucosidase (aesculin hydrolysis), DNase and urease enzyme activity, but negative for activities of lysine decarboxylase, arginine dihydrolase and ornithine decarboxylase. Citrate is utilized. Nitrate is reduced to nitrite. H 2 S and indole are not produced. Does not hydrolyse casein, starch, gelatin or Tween 80 (lipase). Alkaline phosphatase, esterase (C4), esterase lipase (C8), leucine arylamidase, valine arylamidase, cystine arylamidase, a-chymotrypsin, acid phosphatase, naphthol-AS-BIphosphohydrolase, a-galactosidase, b-galactosidase, a-glucosidase and b-glucosidase activities are present, while lipase (C14), trypsin, b-glucuronidase, N-acetyl-b-glucosaminidase, a-mannosidase and a-fucosidase activities are absent. Able to utilize sucrose, melibiose and arabinose, but not glucose, mannitol, inositol, sorbitol, amygdalin or rhamnose. It is able to assimilate D-glucose, L-arabinose, maltose, D-mannose, malate, trisodium citrate and phenylacetic acid. Negative for assimilation of D-mannitol, Nacetyl-glucosamine, potassium gluconate, adipic acid and capric acid. Sensitive to gentamicin, streptomycin, rifampicin, trimethoprim, tetracycline, neomycin, kanamycin and chloramphenicol; resistant to ampicillin, penicillin, nalidixic acid, cycloheximide, sulfamethoxazole and novobiocin. The prevalent cellular fatty acids are C 16 : 1 !7c, C 18 : 1 !7c, C 16 : 0 , C 12 : 0 , C 12 : 0 3-OH, C 10 : 0 3-OH and C 14 : 0 , corresponding to >93 % of the total fatty acids. The predominant respiratory quinone is Q-8. The closest relative is M. spartinae SMJ19 T (99.3 % 16S rRNA gene sequence similarity).
The type strain, Yeongu 1-4 T (=KEMB 9005-327 T =MCCC 1K00609 T ), was isolated from surface seawater collected from Geoje Island in the South Sea, Korea. The DNA G+C content of the DNA of the type strain is 44.2 mol% (as determined by HPLC). 
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